Persimmon (Diospyros kaki) is a tree crop species that originated in East Asia, consists mainly of hexaploid individuals (2n = 6x = 90) with some nonaploid individuals. One of the unique characteristics of persimmon is the continuous accumulation of proanthocyanidins (PAs) in its fruit until the middle of fruit development, resulting in a strong astringent taste even at commercial fruit maturity. Among persimmon cultivars, pollination-constant and non-astringent (PCNA) types cease PA accumulation in early fruit development and become non-astringent at commercial maturity. PCNA is an allelic trait to non-PCNA and is controlled by a single locus called the ASTRINGENCY (AST) locus. Previous segregation analyses indicated that the AST locus shows hexasomic inheritance; a recessive allele, ast, at this locus confers PCNA. Here, we report a shuttle mapping approach to delimit the AST locus region in the hexaploid persimmon genome by using D. lotus, a diploid relative of D. kaki, as a reference. A D. lotus F 1 population of 333 individuals and 296 D. kaki siblings segregating for the PCNA trait were used to map the AST region using haplotype-specific markers covering the AST region. This indicated that the AST locus is syntenic to an approximately 915-kb region of the D. lotus genome. In this 915-kb region, we found several candidates for AST that were revealed from the fruit transcriptome of a population segregating for the PCNA trait. These results could provide important clues for the isolation of AST in hexaploid persimmon.
Introduction
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human health because of their scavenging capacity for free radicals; PAs are also known to confer astringency or bitterness to fruit and vegetables (Aron and Kennedy, 2008; Bagchi et al., 2014; Dixon et al., 2005) . The commercial and biological significance of PA biosynthesis has resulted in extensive studies being conducted on the PA biosynthetic pathway and its transcriptional regulators, especially in the model plant Arabidopsis thaliana (Lepiniec et al., 2006; Saito et al., 2013; Xu et al., 2015) . Persimmon (Diospyros kaki Thunb.), an economically important fruit crop cultivated in temperate and Mediterranean climates, shows a distinctive characteristic of PA accumulation in its fruit. In persimmon fruit, the mean degree of polymerization of PA is high (approximately 10-40), and unlike other important fruit crops, persimmon fruit accumulates a vast amount of PA until the middle of fruit development, resulting in a strong astringent taste even at commercial maturity (Akagi et al., 2009a (Akagi et al., , 2011 . Depending on the genotype, persimmon fruit naturally lose their astringency and become edible at commercial harvest time. Persimmon cultivars are usually classified into four groups depending on their natural astringency loss at commercial maturity and pollination (seed formation): pollination constant and non-astringent (PCNA), pollination variant and non-astringent (PVNA), pollination variant and astringent (PVA), and pollination constant and astringent (PCA) (Kajiura, 1946; Yonemori et al., 2000) . Among the four classes, PCNA type cultivars stop accumulating PAs in the early stages of fruit development by down-regulation of enzymes in the PA biosynthesis pathway (Akagi et al., 2009a; Ikegami et al., 2005; Yonemori and Matsushima, 1985) . This PCNA trait has been targeted in modern persimmon breeding programs in Japan to reduce the need for labor-intensive and expensive artificial de-astringency treatments that are required to render non-PCNA fruit palatable for consumers (Sato and Yamada, 2016) . It has been shown that the PCNA trait is conferred by a recessive allele (ast) at a single locus referred to as ASTRINGENCY (AST) (Akagi et al., 2012; Ikeda et al., 1985; Yamada and Sato, 2002) .
The commercial significance of the astringency characteristic has led to the development of molecular markers co-segregating with the PCNA trait; these markers are being extensively used in ongoing breeding programs (Kanzaki et al., 2010; Sato and Yamada, 2016) . To date, however, genetic mapping of AST has not been completed partly because of the high heterozygosity, long juvenile phase, and complex allelic composition of the D. kaki polyploid genome (mainly 2n = 6x = 90). In hexaploid persimmon, six alleles in the AST locus are suggested to show mainly autohexaploid inheritance, with an exceptional segregation pattern of several individuals fitting the segregation ratio of autoallohexaploid inheritance (Akagi et al., 2012) . Recently, 12 different AST alleles from 14 non-PCNA cultivars and a Chinese-PCNA cultivar 'Luotiantianshi' were reported based on polymorphisms in the co-segregating marker region (Kono et al., 2016) , indicating the highly heterozygous nature of the AST locus.
As with genetic studies in most polyploid species, map-based cloning of AST using DNA sequencing of the surrounding genomic region would be strongly hampered by the complexity of allele segregations and the heterozygous status in the hexaploid background. To overcome these obstacles, we attempted to take a "shuttle mapping" approach by reference to the corresponding genomic region of D. lotus, one of the closest diploid relatives of D. kaki (Duangjai et al., 2006; Yonemori et al., 2008) . The "shuttle mapping" approach was used in earlier map-based isolation of economically important loci in polyploid crops such as bread wheat (Triticum aestivum; 2n = 6x = 42, AABBDD) (Stein et al., 2000) and sugarcane (Saccharum spp.; 2n ~ 12x ~ 115) (Le Cunff et al., 2008) . Le Cunff et al. (2008) mapped a major rust resistance gene Bru1 of sugarcane with successive steps beginning with the "shuttle" process between comparative mapping and chromosome walking approaches in two model diploid species, sorghum, and rice, and followed this by high-resolution haplotype-specific chromosome walking including polyploid sugarcane. The "shuttle mapping" approach is a powerful tool for the genetic analysis of AST because the target trait conferred by a recessive allele exists only in polyploid D. kaki, not in D. lotus, and because only limited genomic information is available for members of the Diospyros genus. This implies that the shuttling steps of sequence construction in diploid and genetic analysis in polyploid were the best choices and were directly applicable to our case. Moreover, since D. lotus accumulates PA in its fruit, the regulatory network for PA accumulation and, therefore, the genes for PA accumulation are thought to be conserved between D. kaki and D. lotus. We hypothesize that ast may encode a dysfunctional version of one of these genes. Additionally, although limited genetic and DNA sequence information is available for the Diospyros genus, a genome sequencing project is currently underway for D. lotus, allowing us to potentially use the information obtained from the "shuttle mapping" approach to isolate AST in D. lotus and subsequently in D. kaki.
This study was designed to map the AST locus in hexaploid D. kaki by utilizing the information obtained from a physical map of D. lotus. A D. lotus physical map was constructed starting from the marker locus for the selection of PCNA-type individuals. Haplotypespecific markers of D. kaki that were developed based on D. lotus genome information were used to construct a genetic map of the AST region using 296 D. kaki siblings segregating for the PCNA trait. The markers covering the genetic region of the D. kaki AST locus ranged over an approximately 915-kb region in the D. lotus genome. In this region, we found several genic regions that potentially encode candidate genes for AST that were among the candidates indicated from the fruit transcriptomic analysis of a population segregating for the PCNA trait. These results could provide important clues for the isolation of AST in hexaploid persimmon.
Materials and Methods

Plant materials and phenotyping
A D. kaki pseudo-backcross population segregating for the PCNA trait and a D. lotus F 1 population were used in this study. The D. kaki population, named the B515 population, was made from a cross between 'Taiten' (non-PCNA; A 2 A 3 aaaa) and 'Kanshu' (PCNA; aaaaaa) cultivars, with the resulting plants grown in the orchard of the Grape and Persimmon Research Division, NARO Institute of Fruit Tree and Tea Science, Japan. The AST genotype of the parents has been reported by Mitani et al. (2014) . A 2 and A 3 are dominant AST alleles while a is a recessive allele. Although a structural difference between A 2 and A 3 in the AST-linked region has been reported (Kanzaki et al., 2010) , we do not currently know whether A 2 and A 3 encode different sequences or differ in only their flanking regions. Thus, the word haplotype, defined as a set of single nucleotide polymorphisms (SNPs) found on the same chromosome (National Human Genome Research Institute, Talking glossary of genetic terms, https:// www.genome.gov/glossary/, September 12, 2017), would be more appropriate rather than allele in the case of the latter; however, we temporarily use A 2 and A 3 hereafter for both alleles and haplotypes. Flanking regions of the a allele are very similar to each other and we were unable to distinguish a haplotypes. The D. lotus F 1 population, named the KK population, was from a cross between 'Kunsenshi Female' and 'Kunsenshi Male', with the resulting plants and their parents grown in the experimental orchard of Kyoto University, Japan. There were 296 and 333 individuals for the B515 population and the KK population, respectively.
Among the 296 siblings of the B515 population, 265 fruited individuals were phenotyped for the PCNA trait by sensory evaluation conducted in the harvest season of 2006-2013. In the sensory evaluation, we assigned five categorical classifications ("no", "slight", "little", "middle", and "much" of astringency) to each individuals based on the following criteria, "no" [no astringency]; "slight" [slight astringent taste is perceived]; "little" [astringency can be clearly sensed]; "middle" [flesh is unable to be kept in the mouth for a few seconds due to the astringency]; and "much" [flesh is completely inedible due to puckering or sandy mouthfeel from astringency]. In this study, individuals with the classes "no" to "middle" were categorized as PCNA and the category "much" was categorized as non-PCNA. The sensory evaluations were repeated several times in different years for most individuals. The astringency phenotype of two individuals scored as different categories, PCNA and non-PCNA depending on the year, was excluded for the subsequent analysis. Although individuals producing slightly astringent fruit are categorized as PCNA, this classification perfectly matches PCNA genotypes and is thus routinely used for PCNA breeding programs in Japan. One individual, 515-10, which possesses a recombined haplotype at the AST locus, showed an extensive early fruit drop characteristic and did not retain fruit until maturity during our experimental period; therefore, the astringency phenotype of 515-10 was determined based on its fruit tannin content and expression of DkANR and DkMYB4 that have been shown to be strongly down-regulated in developing PCNA-type fruit (Akagi et al., 2009b) . The fruit were sampled on July 14, 2016, and PA content was determined by the pdimethylaminocinnamaldehyde (DMACA) method (Li et al., 1996) using 10 mg of lyophilized flesh as previously described (Akagi et al., 2009b) . Total RNA was extracted by the hot borate method (Wan and Wilkins, 1994) and reverse transcribed using a ReverTra Ace ® qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). qRT-PCR was conducted using THUNDERBIRD ® SYBR qPCR Mix (TOYOBO) and normalized with the reference gene DkActin. The primer sequence previously reported by Akagi et al. (2009b) was used for the analysis of DkMYB4, DkANR, and DkActin in this study.
Chromosome walking and sequencing
A D. lotus BAC library was constructed by Amplicon Express (Pullman, WA, USA) from young leaves of 'Kunsenshi Male', the male parent of the KK population, with the CopyControl pCC1BAC system (Epicentre, Madison, WI, USA) and DH10b as a host. The BAC library is estimated to have an average insert size of 125 kb and be 5-6 times the size of the D. lotus genome. The BAC library was subdivided into two subsets and 18432 clones for each were blotted onto nylon filters. The filters were subjected to screening with digoxigenin-labeled probes. The 5R region, the genomic region adjacent to the marker AST-F/PCNA-F/ 5R3R co-segregating with the PCNA trait (Kanzaki et al., 2010) , was chosen as a starting point for chromosome walking. The obtained BACs were extracted using a QIAGEN Plasmid Midi kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The end sequences of the clones were determined by Sanger sequencing, and the subsequent screening was conducted with the probe constructed from the determined end sequences. This procedure was repeated to construct BAC contigs covering the D. lotus genomic regions for the 5R and its flanking regions.
The BAC clones obtained were pooled into three BAC pools. The three BAC pools were sequenced with Pacbio RSII technology. Vector and host sequences were removed from the raw data following the whitelisting tutorial (https://github.com/PacificBiosciences/ Bioinformatics-Training/wiki/HGAP-Whitelisting-Tutorial). Sequences from the three pools were separately assembled by HGAP2 with the following parameters; 400000 (BACpool1), 700000 (BACpool2), and 1400000 (BACpool3) for genome size. The resultant contigs were ordered by their BAC-end sequences and aligned with each other using BLASTN. The contig sequences covering all of the sequenced BACs were manually summarized into longer contigs based on the overlap. As several short contig sequences remained, the summarized contigs were finally aligned with the remaining contigs by NUCmer (Mummer3.23) (Kurtz et al., 2004) to validate the absence of a large region missing in the assembly. The length of the gap between the assembled contigs was estimated by PCR. The raw Pacbio data and the assembled super contigs have been deposited in the DNA Data Bank of Japan (DDBJ) database (Accession number DRA006102 and AP018356).
Linkage analysis
Genomic DNA of KK and B515 populations was extracted from leaves using the CTAB method (Doyle and Doyle, 1987) . Raw reads of the whole genome shotgun sequence data for a part of the KK population (Akagi et al., 2014 ) (BioProject Accession: PRJNA256104) were aligned to the BAC sequences to identify SNPs that are heterozygous in 'Kunsenshi Male' and homozygous in 'Kunsenshi Female'. These SNPs found were used to design markers for linkage analysis. The primer sequences and restriction enzymes for CAPS and dCAPS markers for D. lotus are shown in Table S1 .
Two functional AST alleles, A 2 and A 3 , are present in the D. kaki B515 population (Mitani et al., 2014) . Molecular markers that could separately detect the A 2 and A 3 haplotypes of B515 were developed to improve the genetic characterization of the AST locus in this study. The target polymorphisms for marker development were retrieved by Sanger sequencing in randomly chosen regions in the BAC sequence. The primer sequences and restriction enzymes for CAPS and dCAPS markers for the B515 population are shown in Table S2 . The fit of the observed ratio of A 2 and A 3 to auto-and autoallohexaploid inheritance was assessed by the Chisquared test.
Candidate gene analyses
To investigate potential candidates for AST, RNASeq data obtained from fruit of the B515 population (Nishiyama et al., 2018 ) (DRA006042) were aligned to the genome sequence of D. lotus corresponding to the delimited AST region of D. kaki. The RNA-Seq data was obtained from fruit flesh sampled on June 22 and July 14, 2016, including six PCNA-type individuals, six non-PCNA-type individuals and their parents 'Taiten' and 'Kanshu'. Pooled reads from the June 22 and July 14 samples of 'Taiten' were de novo assembled by CLC Genomics Workbench version 7.5.2 (CLC bio, Aarhus, Denmark) with the following parameters; 30-bp word size, automatic detection of bubble size, auto-detection of paired distance, discarding contigs shorter than 200-bp, scaffolding performed, and contigs updated by remapping. All of the RNA-Seq reads from the 14 individuals were mapped to the de novo assembled contigs using the BWA-mem program version 0.7.12 (Li and Durbin, 2009 ) with default parameters. The de novo contigs were aligned to the delimited AST region of the D. lotus genome using BLASTN (perc_identity > 90%, query coverage > 90%). A part of the completely overlapped contigs, contigs with more than 100 kb of the alignment interval, and contigs with less than one average read per kilobase transcript per million reads (RPKM) for the June 22 samples from non-PCNA individuals were discarded. The contigs were annotated using the NCBI nr protein database by BLASTX with an E-value cutoff < 1e−5.
Results
Physical map construction of the D. lotus genome region syntenic to the AST region in D. kaki
The D. lotus genome region syntenic to the 5R region, which is the region flanking the molecular marker AST-F/PCNA-F/5R3R, appeared to have a very high DNA sequence identity to the corresponding region of D. kaki (>95%; data not shown), showing the appropriateness of this region as a starting point for chromosome walking. Starting from the 5R region, we obtained 19 BAC clones and these were divided into three pools, BACpool-1 (3 clones), BACpool-2 (7 clones), and BACpool-3 (9 clones) (Fig. 1) for sequencing analyses. HGAP assembly of BACpool-1, BACpool-2, and BACpool-3 yielded one, seven, and 21 contigs, respectively. These contigs were further combined into two super contigs (ctgS1 and ctgS2) by manual alignment (Fig. S1) , with a combined approximate total length of 2.18 Mb. While some positions appeared to be assembled chimerically or showed the allelic state (Fig. S2) , all contigs matched a part of the two super contigs, indicating that the sequences of the BAC clones were successfully summarized into the two super contigs without any large missing sequences.
Comparative mapping for AST
For the linkage analysis of D. lotus, we developed 13 markers covering the two super contigs and verified the linkage between ctgS1 and ctgS2 (Fig. 1) . The estimated frequency of recombination was considerably high (approximately 258 kb/cM), suggesting that this region may be located in the euchromatic region.
As for the genetic characterization of AST in D. kaki, we developed six and 11 markers for the A 2 and A 3 haplotypes, respectively. We also developed one marker (ctgS1-K5) that could be utilized to distinguish the A 2 and A 3 haplotypes from the a haplotype; this marker was, however, unable to distinguish between the A 2 and A 3 haplotypes. The segregation ratio of A 2 and A 3 haplotype in the B515 population fitted most closely with autohexaploid inheritance, although it did also fit one pairing pattern of autoallohexaploid inheritance (A 2 A 3 aa/aa) with a lower P value (Table 1) .
Based on the sensory evaluation, although two individuals were classified to different categories in terms of astringency phenotype, PCNA and non-PCNA, a clear segregation was observed in the D. kaki B515 population (Fig. S3) . From the 296 siblings of the B515 population, we detected three individuals that had recombined haplotypes in the AST region (Fig. 2) . The two individuals with the ambiguous phenotype showed no recombined haplotype (data not shown). One of the three individuals, 515-199, had a recombined A 2 haplotype but also had a functional A 3 haplotype and, therefore, showed a non-PCNA phenotype and could not contribute to the genetic mapping of the PCNA trait. Another one of the three individuals, 515-10, had only a recombined A 2 haplotype and seemed to be an important individual to delimit AST. Due to the early fruit drop, however, mature fruit for sensory evaluations for astringency were not obtained for 515-10 throughout the experimental period. Thus, we checked DkANR and DkMYB4 expressions because Akagi et al. (2009b) reported that these gene expressions were substantially downregulated specifically in PCNA fruit. Shown in Figure S4 , DkANR and DkMYB4 expressions in 515-10 were downregulated strongly as in other PCNA individuals (Fig. S4) . Furthermore, PA content in developing fruit of 515-10 appeared to be as low as other PCNA individuals. Collectively, 515-10 was determined to be PCNA. We mapped AST between ctgS1-K3 and ctgS1-K14 using the recombined haplotypes of 515-10 and 515-112 (Fig. 2) . This region corresponded to approximately 915 kb of the D. lotus genome.
Detection of candidate genes
Assembled transcriptome contigs from the developing fruit of 'Taiten' were aligned to the region from 557 k to 1472 k of the ctgS1 contig, corresponding to the region between ctgS1-K3 and ctgS1-K14. We detected 217 contigs in this region (Tables 2 and S3 ), including contigs annotated as retrovirus-related genes, zinc finger genes (Contig86899 and Contig87347), bHLH transcription factors (Contig5902 and Contig22059), and many uncharacterized genes. Previous studies have suggested that AST functions in the earlier stages of fruit development in the Japanese climate (Akagi et al., 2009a; Ikegami et al., 2005) . We, therefore, focused on 19 genes that were differentially expressed between PCNA-and non-PCNA-type fruit samples in June (Table 2) . Only three genes (Contig36993, Contig4878, and Contig63023) showed more expression in non-PCNA-than PCNA-type fruit with the log2 fold change of NP/P > 1 in June samples. (Kanzaki et al., 2010) , indicated here by a black square. Each BAC clone is shown by a horizontal line with different degrees of shading indicating the attribution of the BAC to the BAC pool. The screened BAC clones were assembled using Pacbio RSII technology and manually assembled into ctgS1 and ctgS2 from the HGAP assembly results (shown in Fig. S1 ). The sequences of the assembled contigs were compared with the BAC-end sequences and aligned as shown here. The gap between the two contigs was estimated by PCR (data not shown). SNP markers were constructed from the assembly and mapped using 333 siblings of the KK population. Genetic distances (cM), which were calculated from the number of observed recombinants in parentheses, are shown on the upper side of the genetic map. 
Hort. J. Preview
Although none of the three genes was annotated by the nr database (Table 2) , these gene expressions corresponded best to the pattern of PA accumulation among the genes located in this region and thus these three genes could be the most promising candidates for AST.
Discussion
Genetic analysis of polyploid species has been hampered by the polyploid nature of complex inheritance and segregation. Successful examples of forward genetic analysis, therefore, are still limited in high-order polyploid species. In addition to the technical obstacles common with other polyploid herbaceous species such as allelic dosage issues and complicated segregations, D. kaki is a tree species with a large mature plant size, long juvenile phase, and a high-level of heterozygosity; this makes genetic analysis in this species significantly more difficult and challenging. In this study, we used a shuttle mapping approach to delimit the AST locus region in the genome of hexaploid persimmon by using D. lotus as a reference. Hexaploid persimmons are thought to show hexasomic behavior in the AST region (Akagi et al., 2012) , implying that only simplex and duplex makers [i.e., markers present on only one (simplex) or two (duplex) of the hom(oe)ologous haplotypes (Le Cunff et al., 2008) ] could be analyzed for genetic mapping of AST. We successfully delimited the AST locus with haplotype specific markers for the two different functional haplotypes, A 2 and A 3 , in our experimental population.
PCNA individuals have the ability to biosynthesize PA in their fruit because PA is produced in PCNA fruit at the early stage of fruit development. However, expressions of genes for PA biosynthesis enzymes were reported to be coordinately down-regulated in developing PCNA fruit (Akagi et al., 2009a; Ikegami et al., 2005) . The coordinated change in gene expressions in the PA biosynthetic pathway in PCNA fruit, may indicate that AST is likely to be a transcriptional regulator, rather than a gene for a certain enzyme involved in the PA biosynthetic pathway. Although several putative transcriptional regulators, such as bHLH transcription factors and zinc finger genes, were located in the D. lotus genomic region syntenic to the AST region, these genes showed no differential expression between PCNA and non-PCNA (Tables 2 and S3 ). As no candidate transcriptional regulator genes with differential expressions between PCNA and non-PCNA were found in the D. lotus genome region (Table S3) , we assume that AST is a novel gene playing a regulatory role in PA accumulation.
We detected only three recombined haplotypes in the D. kaki AST region, far less than the D. lotus genomic region syntenic to AST. The low frequency of recombination in polyploid D. kaki relative to diploid D. lotus may be advantageous for correct chromosome segregation in meiosis in polyploids, as discussed in the case of Arabidopsis arenosa (Mercier et Genes that were not differentially expressed were shown in Table S3 . It may therefore be necessary to construct a haplotypespecific sequence in hexaploid persimmon, as accomplished in sugarcane (Le Cunff et al., 2008) . Although the sequence construction in hexaploid persimmon is highly complicated and laborious, the A 2 -and A 3 -specific markers constructed in this study will enable dissection of the A 2 and A 3 haplotypes, which is required to obtain a comprehensive dataset to isolate the candidate gene(s). Furthermore, we developed several specific markers for A 2 and A 3 located inside the recombination breakpoint for the AST region (Fig. 2) . These markers will enable us to perform high resolution mapping for AST accompanied by additional populations to narrow down this region. Additionally, the D. lotus draft genome sequence currently being developed may also be applicable for the future isolation of AST by scanning the wider region syntenic to the AST locus. While we need to follow the comprehensive methodology as used for sugarcane (Le Cunff et al., 2008) , functional characterization of several promising candidates in the D. lotus genome syntenic to AST locus should be performed to identify AST (Table 2) . Collectively, the information presented in this study is not only useful for the future isolation of AST, but also for the development of new molecular markers for the PCNA trait for populations for which currently available markers are inapplicable.
